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ABSTRACT 
 
Crest-fixed trapezoidal steel claddings made of thin, high strength steels often suffer from 
local pull-through failures at their screw connections during high wind events. Loss of 
claddings always leads to a progressive collapse of the entire building. At present the design 
of these cladding systems is mainly based on laboratory testing.  Since the local pull-through 
failures in these less ductile high strength steel claddings are often initiated by transverse 
splitting at the fastener holes, analytical studies have not been able to determine the pull-
through failure loads accurately. However, an appropriate splitting/fracture criterion has been 
developed recently using a series of large scale experiments of crest-fixed steel claddings. A 
finite element model has then been developed for trapezoidal steel cladding with wide pans 
that included the new splitting criterion and other advanced features including geometric 
imperfections, residual stresses, buckling effects, contact modelling and hyperelastic 
behaviour of neoprene washers. A series of parametric studies considering the effects of 
                                                 
1 PhD Research Scholar 
2 Professor, School of Civil Engineering, Queensland University of Technology, Brisbane, Australia 
 2
material properties and geometric parameters of trapezoidal claddings was undertaken using 
finite element analysis. Design formulae for the local failure loads were then derived for 
design and optimization purposes. This paper presents the details of the numerical study, the 
results and design recommendations. 
 
1 INTRODUCTION 
 
Profiled steel cladding systems commonly used in Australia and its neighbouring countries 
are made of very thin (0.42 mm) high strength steel (G550 with a minimum yield stress of 
550 MPa) and are crest-fixed. Among the profiled steel claddings, trapezoidal steel cladding 
with wide pans shown in Figure 1 has been more popular in the building industry due to its 
greater drainage capacity.  However, these claddings often suffer from local pull-through 
failures at their screw connections under wind uplift/suction loading caused by high wind 
events such as storms and cyclones (Mahendran, 1994, Beck and Stevens, 1979, Xu and 
Teng, 1994).  Loss of claddings always led to a progressive collapse of the entire building. 
The presence of large stress concentrations including high longitudinal membrane strains 
around the screw connections under wind uplift loading was the main reason for pull-through 
failures. Local pull-through failures can be caused by simple static or low cycle fatigue 
loading that occurs during high wind events. For some steel claddings, a local dimpling 
failure occurs instead of a pull-through failure (see Figure 2). Such dimpling failures 
eventually lead to premature pull-through failures and associated loss of sheeting during 
fluctuating high wind events. Therefore the local dimpling failure load also has to be 
considered as a failure load for design purposes. At present, steel design codes do not provide 
adequate guidelines for the design of crest-fixed steel roof and wall claddings. The design of 
thin profiled steel claddings is mainly based on laboratory tests, and is expensive. 
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Local pull-through failures in the less ductile G550 steel claddings are initiated by transverse 
splitting/fracture at the fastener holes. Earlier finite element analyses (Mahendran, 1994, Xu 
and Teng, 1994, Tang and Mahendran, 1999) could not predict the failure loads without any 
allowance for splitting/fracture. Although these finite element analyses confirmed the 
presence of large longitudinal membrane strains, they could not predict the pull-through 
failure load as they assumed perfect elastic-plastic material behaviour with infinite ductility. 
These finite element models are therefore valid only for the ductile steel claddings subject to 
local dimpling failures. They are not adequate for Australian high strength steel cladding 
systems subject to local pull-through failures associated with transverse splitting/fracture. 
Analytical studies could be used only if a reliable splitting criterion is available. Therefore a 
series of large scale tests was conducted on a range of crest-fixed steel cladding systems 
under simulated wind uplift loads using a large air-box (Mahaarachchi and Mahendran, 2000). 
The strains in the sheeting around the critical fastener hole were measured until the pull-
through failure occurred. The strain results were then used to develop a suitable strain 
criterion for the observed splitting/fracture at the screw fastener holes.  
 
A finite element model of crest-fixed steel cladding was then developed using shell elements 
that included the new splitting criterion and other advanced features including geometric 
imperfections, residual stresses, buckling effects, contact modelling and hyperelastic 
behaviour of neoprene washers and was validated by comparing its results with the 
corresponding large scale experimental results. A series of parametric studies considering the 
effects of material properties and geometric parameters of the trapezoidal claddings profiles 
was also undertaken using finite element analysis. Inclusion of an appropriate fracture 
criterion allowed the determination of both local pull-through and dimpling failure loads. A 
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design formula for the local failure loads of trapezoidal profiles was then derived for design 
and optimization purposes. 
 
This paper presents the details of the numerical model of crest-fixed trapezoidal steel cladding 
with wide pans including its advanced features, and the results of parametric studies and 
design recommendations. 
2 MODEL DESCRIPTION 
In practice, profiled steel roof and wall claddings are multi-span assemblies with longitudinal 
laps between steel sheets. Past research (Mahendran 1994, Tang and Mahendran 1999, Xu 
and Teng 1994) has shown that using a two-span cladding assembly with simply supported 
ends and one or two-sheet width is adequate in simulating the true cladding behaviour in the 
laboratory or numerical analysis. This allowed the investigation of local failures that occur at 
the critical central support fastener holes. Experiments undertaken by Mahaarachchi and 
Mahendran (2000) have shown that the structural behaviour of one or two-sheet wide 
cladding assemblies is similar due to the lack of lateral continuity along the longitudinal laps 
between sheets. Therefore this research considered the use of one-sheet wide two-span 
cladding assembly with appropriate symmetry conditions.  
 
The trapezoidal steel roof claddings with wide pans (Figure 1) are commonly fastened at each 
crest as recommended by the manufacturers. The No.14-10x50 mm self-drilling screws with 
neoprene washers are used to secure the steel sheeting to the timber or steel supports. All the 
screws are centred at the crests and tightened until the neoprene washers are just prevented 
from rotating to avoid over-tightened or loose screws. 
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ABAQUS 5.8 (HKS, 1998) was used for all the finite element analyses (FEA) described in 
this paper. Two applications of the finite element models of the trapezoidal steel cladding 
system including steel sheeting and screw fasteners are described in this section (see Figure 
3). 
 
(i)  Half width experimental FEA model used for comparison with large scale experimental 
results. These models were developed to simulate the experimental conditions, including  
geometry, loads, contacts and constraints, material properties, residual stresses and initial 
geometrical imperfections, as closely as possible. The aim of this model was to validate the 
FEA models through comparison of FEA and experimental results. 
 
(ii)   One rib FEA model as used by other researchers in the past (Mahendran 1994, Tang and 
Mahendran 1999, Xu and Teng 1994). These simpler models were developed first to gain a 
basic understanding of steel cladding behaviour and to compare the results with those from 
past research. 
2.1 Elements  
In order to take into account the large deformations of thin steel claddings and localized 
yielding and deformations of sheeting around the fastener hole, a non-linear static analysis 
including both geometry and material effects was used. The following considerations were 
given to the selection of element types from the ABAQUS element library (HKS, 1998) so 
that the observed experimental behaviour of steel claddings could be simulated accurately. 
 
1 Since the cladding is subjected to combined effect of in-plane membrane and bending 
actions, the element must be able to represent such behaviour and deformation within the 
thin sheeting. 
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2 The elements must allow for all distortional effects as large cross-sectional distortions 
were observed in the large scale cladding experiments. 
3 Elements must be capable of handling large displacements, elastic plastic and localised 
deformations. 
4 Since local buckling is likely to occur in thin steel claddings, the elements must be capable 
of explicitly modelling local buckling deformations and associated plasticity effects. 
 
In the ABAQUS element library (HKS, 1998), the shell elements generally satisfy all the 
above criteria. Therefore S4R5 element was selected to model the thin steel sheeting. This 
element is a thin shear flexible, isoparametric quadrilateral shell with four nodes and five 
degrees of freedom per node, utilizing reduced integration and bilinear interpolation schemes. 
 
Three dimensional eight noded continuum elements were used to model the screw head. The 
neoprene washer located between the screw head and sheeting (see Figure 1) has to be 
modelled accurately. Experimental investigations show the behaviour of neoprene washer is 
elastic but highly nonlinear. This type of behaviour is called hyperelasticity. The deformation 
of hyperelastic material remains elastic up to large strain values. ABAQUS hybrid elements, 
C3D8H three dimensional eight noded continuum elements, were selected to include the effect 
of hyperelastic behaviour of neoprene washer. ABAQUS makes the following assumptions 
when modelling the hyperelastic behaviour: The material behaviour is elastic, isotropic and 
incompressible, and the simulation will include nonlinear geometric effects. 
 
Hybrid elements are used when the material behaviour is incompressible (Poisson’s ratio = 
0.5). An incompressible material response can not be modelled with regular elements (except 
in the case of plane stress) because the pressure stress in the element is indeterminate. If the 
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material is incompressible its volume can not change under the loading. Therefore the pressure 
stress can not be computed from the displacement of the node. Hybrid elements include an 
additional degree of freedom that determines the pressure stress in the element directly.  
 
 
 
2.2 Discretization of the finite element mesh. 
 
In a finite element analysis, selection of mesh size and layout is critical. It is desirable to use 
as many elements as possible in the analysis. However, such an analysis will require 
excessive computer time.  In this analysis, adequate numbers of elements were chosen both 
across the ribs and along the ribs based on convergence studies in order to obtain sufficient 
accuracy of results without excessive use of computer time.  
 
A finer mesh shown in Figure 3(a) had to be used around the fastener hole due to the presence 
of large stresses in steel claddings. Convergence studies indicated that a size of 1 to 2 mm 
elements produces accurate results for the local pull-through failures associated with high 
stress concentrations in the vicinity of screw fasteners in profiled steel claddings. However, 
three elements per inclined plate and ten or 12 to14 mm elements were used in the pan. In 
order to maintain an optimal aspect ratio, it was necessary to have an element length of 15 
mm in the longitudinal direction. But closer to the fastener hole it was again kept to 1 to 2 
mm. There were eight elements across the crest width of the cladding at every crest. For all 
models of cladding, the aspect ratio was closer to one for all elements, excluding the elements 
on the crest of the claddings away from the fastener hole and elements along the supports. 
These elements had different aspect ratios with a maximum of four. The geometry and finite 
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element mesh for the typical half width experimental and one rib models are shown in Figures 
3 (b) and (c). Taking advantage of symmetric geometry and loading conditions, the half width 
experimental model included only half-width of steel sheeting (i.e. 2.5 ribs and 2 pans) and 
one span while the one rib model included only half the rib and pan of sheeting and one span. 
 
 
2.3 Material properties 
 
The material library in ABAQUS allows most engineering materials to be modelled, 
including metals, plastics, and rubber (HKS, 1998). The user can select any number of 
different materials in the simulation. Different regions in a model are associated with different 
material definitions through the assignment of section properties that refer to the material 
name. 
 
For both half width experimental and one rib models, the material was modelled as elastic 
perfect plastic and the material properties for the steel used were: Young’s modulus = 
200,000 MPa, Poisson’s ratio = 0.3 and Yield (0.2% proof) stress = 690 MPa. The yield stress 
was based on tensile tests on specimens cut in the longitudinal direction. The high strength 
steel exhibited very little strain hardening. Tensile coupons taken in the longitudinal and 
transverse directions of 0.42 mm G550 steel gave different yield stresses and failure strains. 
However, the differences are not significant and hence isotropic material properties were 
assumed in this research. For screw heads which did not suffer from any distress or failure 
during experiments, Young’s modulus and Poisson’s ratio were taken as 200,000 MPa and 
0.3, respectively. For the 2 mm neoprene washer modelled as a hyperelastic material, a 
convenient way of defining it is to provide ABAQUS with experimental test data. 
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Experimental test data from uni-axial compression tests of neoprene washer were used in this 
analysis (Tang and Mahendran, 1999). 
 
 
 
2.4 Loads and boundary conditions 
 
ABAQUS permits the application of pressure loads on shell elements as follower loads. A 
uniform surface pressure across all shell elements was considered suitable in representing the 
static wind uplift/suction pressure loading adequately. 
 
Figures 3 (b) and (c) show the boundary conditions used. Due to the presence of symmetry 
conditions, the nodes on the planes of symmetry were constrained from translation 
perpendicular to the plane of symmetry and rotation about the in-plane axis. The transverse 
sheeting edge near the end support was assumed to be free to move as only the screw head 
holds down the cladding assemblies. Top layer of nodes of the screw heads were constrained 
against all three translations. Symmetry conditions were used along both longitudinal edges in 
the one rib model while one of the longitudinal edges of the half width experimental model 
was free as in the experimental cladding system. 
  
Constraint conditions between steel sheeting, neoprene washer and screw head must be 
modelled adequately, i.e., the presence of the 2 mm neoprene washer between the screw head 
and steel sheeting has to be modelled. For this purpose, master slave contact pair option was 
used. The neoprene washer is used to prevent water leakage through the fastener hole and 
does not contribute to the structural performance of cladding assembly. However, it can affect 
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the localised deformations and stresses in the thin sheeting around the fastener hole. Therefore 
contact surfaces between steel sheet, neoprene washer and screw head were modelled as tied 
contact. The tied contact bonds the contact surfaces to each other, thus eliminating severe 
discontinuities. It is computationally more efficient. When using the contact pair option it is 
important to select the slave and master surfaces correctly to achieve the best possible contact 
simulation. In this simulation, the washers were selected as slave surfaces with finer mesh 
since they are softer than the others (see Figure 3(a)). 
 
Experiments showed that the nodes at the edge of fastener holes were moving away from the 
screw shaft. Therefore, both X and Y translations of these nodes should be assumed free. 
However, the effect of screw shaft on the in-plane movement of sheeting must be considered. 
Although the screw shaft may not have any effect on the local failure load, it prevents the in-
plane movement of sheeting that can arise due to the lateral component of the applied 
pressure loading. The in-plane movement is prevented at the longitudinal tangential point of 
the left side edge of the screw through the bearing action between sheeting and the screw 
shaft. Therefore, this node at each fastener hole (see Figure 3 (a)) was restrained against in-
plane movement, to simulate the overall effects of the screw shafts. The top layer of nodes of 
the screw heads was constrained against all three translations. The screw shaft was not 
modelled, since the very small elongation of the screw shaft (0.01 mm) that can occur under 
the fastener tension load of 2000 N, will have a negligible effect on the sheeting behaviour. 
The bearing action between the sheeting and the screw shaft was simulated adequately by 
restraining one node for each fastener hole as described earlier in this section. 
 
The cladding manufacturers recommend that screw fasteners should be inserted until the 
neoprene washer begins to compress under the screw head (LBI, 1997). Therefore it is 
 11
unlikely that screws are over tightened.  Therefore this research did not consider the effect of 
over tightening of screw fasteners. This research also did not consider combined wind uplift 
and in-plane shear loading that is likely to occur in roof claddings. 
 
 
2.5 Splitting/fracture criterion 
 
Local pull-through failures in the less ductile G550 steel claddings are initiated by transverse 
splitting/fracture at the fastener hole. Earlier finite element analyses (Mahendran, 1994, Xu 
and Teng, 1994) could not predict the pull-through failure load as they assumed perfect 
elastic-plastic material behaviour with infinite ductility. Recent experimental research 
(Mahaarachchi and Mahendran, 2000) aimed at determining the reasons for splitting in G550 
steel claddings has shown that the transverse splitting/fracture occurs when 
 The longitudinal membrane tensile strain is greater than 60% of the total strain at the 
edge of the fastener holes and 
The total strain is equal to the relevant measured fracture strain from the tensile 
coupon test of steel. 
Deciding on a relevant fracture strain has been a complex process due to the significant 
variations in the measured fracture strain during 0.42 mm G550 steel tensile coupon tests and 
the difficulties in relating fractures in tensile coupon test and bending test of cladding. 
Therefore, the minimum measured failure strain in tensile coupon tests based on 5 or 15 mm 
gauge length, ie 2%, was used for 0.42 mm G550 steel. More details of tensile coupon tests 
and their results can be found in Mahaarachchi (2003). 
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This splitting criterion was modelled using ABAQUS USER SUBROUTINES option. The 
criterion was included using the URDFIL Fortran user subroutines. The subroutine URDFIL is 
called up once at the end of each increment when new information is written to the result file. 
It allows the extraction of strain at section points in the top, bottom, and centre surfaces from 
the ABAQUS results file. It then calculates the membrane and total strains and the percentage 
of membrane strain to total strain for every element. The values of these parameters are then 
compared with the splitting/fracture criterion. When the criterion is met in any element, it 
terminates the analysis and sends a message to the message file giving the reason for the 
termination of the analysis. 
 
2.6 Initial geometric imperfections 
 
In the nonlinear analysis of steel structures subject to local buckling it is necessary to include 
initial local geometrical imperfections. Initial geometric imperfections were modelled by 
providing initial out-of-plane deflections to the model. The critical imperfection shape was 
introduced by modifying the nodal coordinates using a vector field created by scaling the 
eigenvector obtained from an elastic buckling analysis. The first elastic buckling mode shape 
for wind uplift was used to create the geometric imperfections (see Figure 4a). The maximum 
amplitude of the buckled shape determined the degree of imperfection. Since measured data is 
not available for the magnitude of imperfections of steel claddings, imperfections for local 
buckling was taken as w/167 as recommended by Schafer and Pekoz (1998) for cold-formed 
steel members subject to local buckling. There was no significant effect of geometric 
imperfections on the ultimate load in the nonlinear analysis. But deformation pattern allowed 
the post-buckling deformations to proceed correctly and hence convergence was achieved 
faster compared with analyses having zero imperfections. However, the geometric 
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imperfections were not used in the nonlinear analyses of one-rib model as it was not subject to 
local buckling. 
 
 
 
2.7 Residual stresses 
 
The residual stresses have also been included in the nonlinear analyses although their effect on 
the ultimate load is considered small (Schafer and Pekoz, 1998). Since there is no data on the 
residual stress distribution for steel claddings, maximum residual stresses observed by Schafer 
and Pekoz (1998) were used in this study to propose a residual stress distribution for steel 
claddings as shown in Figure 4(b). This can be considered as the worst scenario and 
conservative. In cold-formed steel members, residual stresses are dominated by flexural or 
through the thickness variation of stresses. Therefore the membrane component of residual 
stresses was ignored. The variation of the residual stress through the thickness was assumed to 
be linear, with zero stresses at the centre fibre.  
 
The residual stresses were modelled using the ABAQUS *INITIAL CONDITIONS option 
with TYPE = STRESS, USER. The user defined initial stresses were created using the SIGINI 
Fortran user subroutine. It was ensured that the residual stresses were correctly defined with 
tension on the outside of the fold and compression on the inside. The initial stresses were 
applied in a *STATIC step with no loading and the standard model boundary conditions to 
allow equilibration of the initial stress field before starting the response history. The assumed 
residual stress distributions in the trapezoidal steel claddings with wide pans are shown in 
Figure 4(b). Nonlinear analyses showed that residual stresses have only a small effect (less 
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than 0.08%) on the ultimate failure load. Therefore residual stresses were not included in the 
parametric studies.   
 
 
2.8 Analysis 
 
Two methods of analysis were used, elastic buckling and nonlinear static. Elastic buckling 
analyses were used to obtain the eigenvectors for the geometric imperfections. Nonlinear 
static analysis including the effects of large deformation and material yielding was adopted to 
investigate the behaviour of trapezoidal steel claddings. The RIKS method in ABAQUS was 
also included in the analysis. It is generally used to predict unstable geometrically nonlinear 
collapse of structures. In using the RIKS method in this study, the solution of nonlinear 
equations was achieved by Newton-Raphson method in conjunction with a variable arc-length 
constraint to trace the instability problems associated with local dimpling at the crest of 
sheeting. 
 
2.9 Model validation 
 
All convergence studies and sensitivity analyses were carried out before the detailed 
parametric analyses. In order to validate the accuracy of the chosen finite element model in 
predicting the pull-through failure loads, the FEA results for 0.42 mm G550 steel trapezoidal 
sheeting were compared with the corresponding experimental results reported in Mahendran 
and Mahaarachchi (2000) and Mahaarachchi (2003). The FEA results confirmed that 
significant cross-sectional distortions occurred in the cladding since the screwed crests/ribs 
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were separated by a wide pan (see Figure 5). Therefore this led to a premature localised 
failure of the crests. At first the crests slightly dimpled (see Figure 6(a)), which was followed 
by a membrane action of the region. The region around the fastener hole was yielding at this 
stage. All of these observations are very similar to those observed in the two-span cladding 
experiments (see Figure 6(b)). 
 
Following the verification of deformation shapes (Figures 5 and 6), comparison of the load-
deflection curves were made with the two-span experimental results for 0.42 mm G550 steel 
trapezoidal cladding of 900 mm span. Figures 7(a) and (b) show a good agreement between 
the load-deflection curves obtained from the FEA and two-span experiments, which further 
validate the accuracy of the advanced FEA model used in this study. In these figures, upward 
deflections of pans at midspan and central support are used. For one rib FEA models, the 
average experimental load per fastener was used in the comparison whereas for the half width 
experimental FEA model, the measured fastener load was used. This is because the one rib 
model does not simulate the exact fastener load variation across the sheeting.       
        
The two-span steel sheeting is subjected to two types of deformations due to global bending 
of two-span sheets and local bending action around the fastener hole. The sheeting around the 
fastener hole is subjected to both global bending effects, and local effects due to the presence 
of fastener reaction, leading to large longitudinal membrane strains near failure. This provides 
some explanation for the premature transverse splitting at the fastener hole. But the past finite 
element analyses (Mahendran, 1994) were not able to predict this pull-through failure load 
without a suitable splitting criterion. The improved finite element model using an appropriate 
splitting/fracture criterion eliminated this problem. This is evident from the FEA curves with 
and without the splitting criterion shown in Figures 8 and 7, respectively. 
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The results of analysis and comparison in Figures 7 and 8 indicate that the use of splitting 
criterion enables accurate prediction of the pull-through failure load.  Comparison of the two 
models suggests that the model with splitting criterion can be used to model the local pull-
through failures in the less ductile G550 steel claddings that are initiated by transverse 
splitting at the fastener hole. However, due to the observed large variation in the measured 
fracture strains in the tensile coupon tests, the measured maximum total strain in steel 
cladding test was also used in the fracture criterion. The results of both these cases are shown 
in Figure 8. The difference in the pull-through failure load was only 5 N in this case. 
 
Table 1 presents the pull-through failure loads obtained from large scale steel cladding tests 
and compares them with the FEA results. This comparison provided in this table further 
validates the accuracy of the finite element model. As mentioned above, both the measured 
total strain from tested cladding and the minimum tensile coupon fracture strain of 2% were 
used as part of the fracture criterion in the finite element modelling of full scale claddings. 
The results of both these analyses are also shown in Table 1 which indicates that the overall 
correlation with experimental data is unaffected by the total strain value used. However, in 
some cases, the use of 2% gave a better correlation with the corresponding experimental 
results. These observations imply that any inaccuracy resulting from the use of the developed 
fracture/splitting criterion with an approximate limiting value for total strain is small.  
3 DISCUSSION OF RESULTS 
Past research has always considered the use of one rib FEA model to be adequate because of 
the symmetric conditions of geometry and loading present in a two-span cladding system. 
This simple model is computationally efficient, but assumes continuos sheeting in the lateral 
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direction and ignores the presence of longitudinal laps between sheets. In the previous 
analyses (Mahendran, 1994, Xu and Teng, 1994, Tang and Mahendran, 1999) one rib model 
has been justified considering the large number of crests in the steel cladding assembly. 
Although it is assumed that ignoring the presence of unrestrained longitudinal edges between 
sheets has only a small effect, there is no valid reason to support this assumption and so far, 
no attempt has been made to check its accuracy. Therefore wider models representing three 
and seven ribs were also used with the same boundary conditions as in one rib model 
(Mahaarachchi, 2003). For example, the three rib model included half ribs at the ends with 
two pans and a full rib in the middle with four times the width of the one rib model. The 
results from these models are compared with one rib and half width experimental models in 
Table 2. The ultimate loads and behaviour predicted by three and seven rib models are almost 
the same as the predicted values of one rib model. Since the three and seven rib models take 
considerably more computational time and disk space compared with the one rib model, it is 
recommended that the most computationally efficient and simplest one rib model is used to 
study the nonlinear large deformation and splitting/fracture behaviour of multi-span steel 
cladding assemblies that have lateral continuity.  
 
However, experimental investigation revealed the absence of such lateral continuity in crest-
fixed steel cladding systems.   The results from single and two-sheet wide cladding 
assemblies were approximately the same (Mahaarachchi and Mahendran, 2000). The 
symmetry conditions used along the longitudinal edges (restraint against translation 
perpendicular to the edge) in the one rib model is not valid as it assumes that the steel 
sheeting is continuous in the transverse direction. As used in practice, the actual test specimen 
had a limited width and their longitudinal edges were free. In the half width experimental 
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FEA model, the symmetry conditions were applied only along the symmetry plane and hence 
it simulates the real situation more closely. 
 
Experiments showed that the local pull-through failure is governed by the magnitude of the 
fastener load. The fastener reaction was the largest at the central support and therefore local 
pull-through failures occurred at the central support. The one rib FEA model predicted a pull-
through failure load of 1400 N for trapezoidal cladding of 900 mm span, which agrees well 
only with the average experimental load per fastener of 1372 N. The average load per fastener 
was calculated by dividing the measured central support reaction by the number of screws less 
one, assuming that fastener reaction is proportional to the tributary area. However, the 
experiments revealed that the measured individual load per fastener is less than the average 
load per fastener because the average load per fastener calculations do not consider the lateral 
discontinuity of the sheet. 
 
This phenomenon was clearly seen in the half width experimental FEA model, which showed 
that the fastener load was not uniform among the fasteners. Second fastener from the free 
edge always had the highest load at or near the failure point. This is very similar to those 
observed in the two span cladding tests where most of the splitting caused pull-through 
failures occurred at the same location due to the lateral discontinuity and the resulting local 
buckling near the unsupported longitudinal edge in the early stages of loading. The one rib 
model did not model this behaviour accurately.  The half width experimental FEA model 
predicted a failure load of 1195 N (see 900 mm span case in Table 1), which agrees very well 
with the measured individual fastener load of 1180 N. In contrast, the one rib FEA model 
over-predicted the failure load (1400 N). All of these observations indicate that the half width 
experimental FEA model and not the one rib model must be used in simulating the true 
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behaviour of two-span profiled steel claddings. Therefore in the detailed investigations on 
profiled steel claddings, the half width experimental FEA model was used. 
 
4 PARAMETRIC STUDIES AND DESIGN METHOD 
 
The experimental finite element model discussed in the previous section was used to 
determine the pull-through failure loads of a range of trapezoidal steel claddings with wide 
pans. The following parameters including all the important dimensions of the trapezoidal 
cladding were varied in this study (see Figure 9). Base metal thickness of steel t from 0.42 
mm to 1.0 mm (0.42, 0.6, 0.8 and 1.0); steel yield stress fy from 250 to 690 MPa (250, 550, 
690 as appropriate for G250, G500 and G550 grade steels); Young’s modulus E from 150 to 
250 GPa; diameter of screw head or washer d from 10 to 22 mm; crest width wc from 20 to 35 
mm; crest height hc from 17 to 50 mm; pitch p from 150 to 300 mm; pan height hp from 4 to 8 
mm; trough width wt from 55 to 80 mm; and span L from 600 to 1800 mm. In each case, all 
the possible variations were considered, which led to a total of 470 finite element analyses. In 
some cases, variations were beyond the actual values, for example, Young’s modulus E, but 
they were considered for the sake of gaining more data from the parametric study. In this 
parametric study the minimum measured fracture strain from the tensile coupon tests of 2% 
obtained for 0.42 mm G550 steel was used as the total strain in the fracture criterion. As 
discussed in the earlier section, this will lead to conservative design formulae. Similarly, 
lower strain values of 6, 7 and 8% were used for 0.6 and 0.8 mm G550 and 1.0 mm G500 
steels as specified by the manufacturers (BHP, 2002), however, fracture was not observed in 
the parametric studies of the latter case. For the lower grade ductile steel (G250), the 
measured fracture strain from the tensile coupon test of 25% was used as the fracture strain 
was high and its variation was small.   
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With the inclusion of an appropriate fracture criterion, the finite element analyses were able to 
determine both the local dimpling failure load and the local pull-through failure load. If there 
was a fracture based on the used criterion, the FEA indicated the occurrence of pull-through 
failure. As indicated in the introduction of this paper, both failure loads are to be considered 
the ultimate loads in the design of steel claddings to withstand high wind events. Therefore in 
the parametric study, no distinction was made between the two local failure loads and a 
common term, fastener failure load, Fov, was used. 
  
The behaviour of thin, high strength crest-fixed steel claddings subjected to wind uplift 
loading is complex and very much dependent on a range of parameters including the profile 
geometry, steel thickness and yield stress. There were anomalous observations in these 
analyses due to the large stress concentrations around the fastener holes, in conjunction with 
large cross-sectional distortions. Therefore, simple relationships were not expected between 
the failure load and the parameters considered in this investigation, particularly when they are 
considered separately. Considering the number of parameters affecting the fastener failure 
load and the complexity of crest-fixed steel cladding behaviour, it is difficult to derive 
accurate strength formulae based on theoretical models or simple curve fitting methods.  
 
Therefore, the fastener failure load interactions with geometrical and other parameters were 
first analysed using Buckingham’s Pi theorem. It reduces the number of variables in a given 
problem for a subsequent analysis, but does not lead to a complete solution of a physical 
problem. Therefore Buckingham’s Pi theorem was first used to derive the dimensionless 
quantities and then to appropriately combine them. 
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As the fastener load at failure Fov depends on the cladding profile geometry, yield stress, 
Young’s modulus, thickness, and span, the following functional relationship is deduced from 
the above variables. Since the pan height did not have much effect on the failure load and 
many cladding profiles are often made with a flat pan, pan height was not included in the 
design formula. 
  φ  (Fov, fy, E, hc, p, d, wc, wt, L, t) = 0 
Choosing fy, d and t as the repeating variables following dimensionless quantities can be 
derived. 
 272625242321 t
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From the above dimensionless groups the following relationship can be written. Failure load 
Fov is obtained as   
  
 Fov = ⎟⎟⎠
⎞
⎜⎜⎝
⎛
22222 ,,,,, t
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t
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t
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t
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t
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Etfdtf tcc
y
y        (2) 
It is observed that there is little correlation among these derived Π parameters. This can be 
explained by the fact that the behaviour of crest-fixed trapezoidal steel cladding is 
complicated and deriving a simple relationship is difficult.  Finite element analysis results 
have shown that the above Π parameters have a combination of linear and nonlinear 
relationships. Therefore, attempts were made to combine the above dimensionless quantities 
with nonlinear interactions considering the possible meaningful interactions of the geometric 
parameters. It is clear that the fastener load at failure depends on the geometry of the 
claddings. The approach adopted here assumed that there should be a closer relationship 
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between the trough width (wt) and the crest width (wc) in defining the shape. Similarly, there 
is a need to use the ratio of crest height (hc) to pitch (p) to fully define the cladding profile 
geometry. When the crest height is increased it is obvious that the pitch will also be increased 
to make the profile more economical. Therefore, the fastener failure load is considered the 
function of the above ratios. Rearranging these parameters leads to the following. 
 Π1 =  ( ) ( )ρλεδβ ϕκωϑφμα 7
6
5
4
3
2 Π+⎟⎟⎠
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⎛
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Π
⎟⎟⎠
⎞
⎜⎜⎝
⎛
Π
ΠΠ+      (3) 
Substituting relevant parameters, this equation can be rearranged as 
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Different power coefficients in the above equation are determined by considering all the 
parameters simultaneously. The “Solver” in Microsoft Excel, which is based on the method of 
least squares and linear programming, was used to obtain the best equation that fits the FEA 
results. Finally, the expression for local pull-through or dimpling failures can be written as 
 Fov =  y
c
tcy dtf
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The local dimpling or pull-through failure loads were predicted by this equation with a mean 
of 0.99 and a coefficient of variation (COV) of 0.21. Therefore the results were further 
analysed to obtain better correlation and uniformity across the predicted values by separating 
them according to the steel grades. Two equations were developed for G550-G500 and G250 
steels as shown next with a mean of 1.03 and 1.0 with COVs of 0.11 and 0.115, respectively. 
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G550 and G500 grade steels 
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G250 grade steel 
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In this study the yield strength of steel fy was used instead of the ultimate tensile strength fu 
because for lower grade steel localised dimpling and yielding take place around the fastener 
holes whereas for higher grade steels Roger and Hancock (1997) have shown that the ratio of 
fu/fy is equal to one.  
 
 
5 CAPACITY REDUCTION FACTORS 
 
The proposed design equations in the last section were derived based on limited data.  
Therefore, the actual local dimpling or pull-through failure strength of a real connection may 
be considerably less than the value predicted by these equations because of the expected 
variations in material, fabrication and loading effects. Therefore, a capacity reduction factor, 
which is commonly used in design codes, is recommended for the strength predicted by the 
above formulae. 
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The American cold-formed steel structures code (AISI, 1996) and Australian cold-formed 
steel structures code AS/NZS 4600 (SA, 1996) recommend a statistical model for the 
determination of capacity reduction factors from testing.  This model accounts for the 
variations in material, fabrication and load effect.  Pekoz (1990) presents the background to 
this strength reduction for screwed connections.    Based on this model, the capacity reduction 
factor φ is given by the following equation. 
 
    φ = 1.5 Mm Fm Pm        (8) 
Above equation was used to calculate the reduction factor φ for the three design formulae 
(Equations 5, 6 and 7). The capacity reduction factors determined for different grades of steel 
claddings are shown in Table 3 (0.52 to 0.65). It is concluded that within the Australian and 
American design provisions (SA, 1996 and AISI, 1996), the pull-through or local dimpling 
failure can be reliably predicted using the derived design formulae with a reduction factor of 
0.5. It should be noted that the Australian cold-formed steel structures code recommends a 
factor of 0.5 for connections. Therefore, the recommended reduction factor is acceptable 
within the current design provisions. However, Equations 6 and 7 can be used with a higher 
reduction factor of 0.6.  
 
The results in Table 3 indicate that the new design formulae have fewer scatters.  The mean 
FEA to predicted loads are more uniform and closer to 1.0.  The coefficient of variation is on 
average 0.21 for Equation 5, is less than 0.12 for Equations 6 and 7 and is fairly uniform 
across different groups.  The maximum and minimum errors for the three design formulae 
were less than 40% and occurred only in a few cases. Based on these observations and 
previous results, Equation 5, 6 and 7 are recommended with a capacity reduction factor φ of 
0.5 for trapezoidal claddings with wide pans. 
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6 CONCLUSIONS 
This paper has described an advanced finite element model that accurately predicts the true 
behaviour of crest-fixed steel claddings under wind uplift. The results from the finite element 
analyses and experiments agreed well for the trapezoidal steel claddings with wide pans used 
in this investigation. This demonstrates that non-linear finite element analysis can be used 
with confidence to carry out extensive parametric studies into the structural behaviour of 
profiled steel claddings, which undergo local pull-through failures associated with splitting or 
local dimpling failures. Once the use of finite element analysis to determine the most 
important pull-through failure load was validated using large scale two-span experiments, it 
was used to investigate the behaviour of trapezoidal steel claddings with varying geometry 
and material properties. Based on these finite element analyses improved design formulae 
have been developed for the local failures of trapezoidal steel claddings with wide pans.  This 
paper has also discussed the disadvantages of using the conventional one rib FEA model for 
multi-span steel cladding assemblies. 
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            Crest width wt = 25 mm Trough width wt = 63 mm 
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Figure 1. Trapezoidal steel cladding with wide pans 
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        (a) Transverse splitting/fracture                 (b) Local dimpling 
Figure 2.  Local failures at screwed connections 
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(a) Finer mesh used in the vicinity of the Fastener hole 
 
(b) Half width experimental FEA model  (c) One rib FEA model 
 
Figure 3. Finite element modelling of two-span trapezoidal cladding with wide pans 
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(a) Local buckling along unsupported edge  (b) Assumed residual stress distribution 
 
Figure 4. Initial geometric imperfections and residual stress distribution  
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(a) Half width experimental FEA model 
 
 
 
 
 
 
 
 
 
 
 
(b) One rib FEA model 
Figure 5. Deformations of trapezoidal steel cladding with wide pans 
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(a) FEA     (b) Experiment 
 
Figure 6. Localised deformations around the fastener hole 
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(a) Half width experimental model  ` 
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(b) One rib model 
Figure 7.  Comparison of load-deflection curves without splitting criterion 
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(a) Half width experimental model 
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(b) One rib model 
Figure 8. Comparison of load-deflection curves with splitting criterion 
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Figure 9 Geometry of trapezoidal steel cladding with wide pans  
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Table 1 Comparison of FEA and Experimental Results 
Experiment Finite element analysis FEA/Experiment 
Failure load (N) With criterion 
With criterion 
Test claddings and span (mm) 
 Failure load 
(N) Remarks Without 
criterion Measured 
strain 
2% 
strain 
Remarks Without criterion Measured 
strain 2% strain 
Standard - 900mm 1180 Split 1207 1200 1195 Split 1.02 1.02 1.01 
Standard d 19mm- 900mm 1350 Didn’t split 1284 1284 1284 Didn’t split 0.95 0.95 0.95 
Standard - 1000mm 1030 Split 1248 1175 1169 Split 1.21 1.14 1.13 
Standard- 1050mm 1070 Split 1257 873 1150 Split 1.17 0.82 1.07 
Standard- 1100mm 1120 Didn’t split 1265 1182 1105 Split 1.13 1.06 0.99 
wc 20mm - 425mm* 800 Split 845 837 835 Split 1.06 1.05 1.04 
hc 26 mm - 425mm* 730 Split 777 695 737 Split 1.06 0.95 1.01 
p 175mm-425mm* 700 Split 843 760 817 Split 1.20 1.09 1.17 
wt 60 mm-425mm*   770 Split 729 719 719 Split 0.95 0.93 0.93 
p 210mm-425mm* 710 Didn’t split 621 612 617 Split 0.87 0.86 0.87 
0.48 mm G550 - 900mm  1450 Split 1670 1485 1506 Split 1.15 1.02 1.04 
* Other geometric dimensions are as for standard claddings           Mean/COV            1.07/0.10      0.99/0.10      1.01/0.08 
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Table 2 Summary of Fastener Failure Loads from Different FEA Models  
 
Failure load (N) Model No. of 
Elements Without splitting criteria With splitting criteria 
One rib model 1185 1400 1400 
Three rib model 6432 1412 1392 
Seven rib model 19848 1408 1397 
Half width model 5505 1207 1195 
Experimental Failure load:   Average = 1372 N      Actual measured = 1180 N 
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Table 3 Capacity Reduction Factor  φ  
 
Steel Grade  Thickness 
(mm) 
Mean COV Number of 
Tests 
Capacity 
Factor φ 
0.42 102
0.60 102
0.80 102
1.00 153
0.60 51 
0.80 51 
All grades 
1.00 
0.99 0.21 
51 
0.52 
0.42 51 
0.60 51 
0.80 51 
G550 
and 
G500 
1.00 
1.03 0.11 
102 
0.65 
0.42 51 
0.60 51 
0.80 51 
G250 
1.00 
1.00 0.115 
51 
0.62 
 
Note: Mean and COV for each group are based on different design equations  
 
 
  
 
